As shown by the work of Kemp and Chum in 1980, stimulus-frequency otoacoustic emission suppression tuning curves (SFOAE STCs) have potential to objectively estimate behaviorally measured tuning curves. To date, this potential has not been tested. This study aims to do so by comparing SFOAE STCs and behavioral measures of tuning (simultaneous masking psychophysical tuning curves, PTCs) in 10 normal-hearing listeners for frequency ranges centered around 1,000 and 4,000 Hz at low probe levels. Additionally, SFOAE STCs were collected for varying conditions (probe level and suppression criterion) to identify the optimal parameters for comparison with behavioral data and to evaluate how these conditions affect the features of SFOAE STCs. SFOAE STCs qualitatively resembled PTCs: they demonstrated band-pass characteristics and asymmetric shapes with steeper high-frequency sides than low, but unlike PTCs they were consistently tuned to frequencies just above the probe frequency. When averaged across subjects the shapes of SFOAE STCs and PTCs showed agreement for most recording conditions, suggesting that PTCs are predominantly shaped by the frequency-selective filtering and suppressive effects of the cochlea. Individual SFOAE STCs often demonstrated irregular shapes (e.g., "double-tips"), particularly for the 1,000-Hz probe, which were not observed for the same subject's PTC. These results show the limited utility of SFOAE STCs to assess tuning in an individual.
INTRODUCTION
Otoacoustic emissions (OAEs), sounds generated by healthy ears, have been used as noninvasive probes of cochlear function (for review see Robinette and Glattke 2007) . However, their clinical applications remain limited due to uncertainty about mechanisms of OAE generation (e.g., Shera 2004; Siegel et al. 2005; Johnson 2010 ) and difficulties relating OAEs to behavioral tests of hearing (for review see Johnson et al. 2007 ). Here, we address the latter issue by comparing behavioral and single-tone OAEs (stimulus-frequency otoacoustic emissions, SFOAEs) tuning measured with analogous paradigms in the same ear. We aim to determine whether SFOAE can provide information about tuning (related to auditory frequency selectivity) equivalent to that obtained with psychophysical tuning curves (PTCs) in adults with normal hearing.
Frequency selectivity refers to the ability of the auditory system to separate one stimulus out from others on the basis of frequency (Moore 2004) which is important for perception of complex sounds, such as music and speech, as well as hearing in noise (reviewed in Moore 2007). Frequency selectivity is largely determined at the level of the cochlea (e.g., Evans 2001) where outer hair cells provide sharp mechanical tuning at low signal levels (e.g., Rhode 1971; for review see Ruggero and Rich 1991) . In humans, frequency selectivity is most often measured using auditory masking (e.g., Fletcher 1940; Vogten 1974; Patterson 1976; Oxenham and Shera 2003) . One method is to measure a PTC, where the threshold of audibility of a fixed low level (i.e., 10 dB SL) probe tone is measured as a function of the frequency of a masker (tone or band of noise), forming a characteristic "V" shaped curve (Zwicker 1974) . The masker and the probe can be presented simultaneously or separated in time (e.g., forward masking paradigm). It is a matter of debate which behavioral paradigm is the best approach for assessing cochlear frequency selectivity (e.g., Houtgast 1972; Pickles 1979; Evans 2001; Oxenham and Shera 2003; Ruggero and Temchin 2005) . In the simultaneous masking paradigm, both spread of excitation and suppression effects are believed to contribute to the observed masking (Pickles 1984; Delgutte 1990b; Gifford and Bacon 2000; Rodriguez et al. 2010) . The contribution of suppression may result in underestimation of cochlear frequency selectivity measured directly with neural or basilar membrane single-tone tuning curves (Sachs and Kiang 1968; Sellick and Russell 1979; Rhode 2007) . Nevertheless, it is generally agreed that this type of masking paradigm provides useful information about frequency selective sound processing in the auditory system (Oxenham and Shera 2003) .
The simultaneous masking PTC paradigm closely mimics the OAE suppression tuning curve (STC) measure, where a fixed change in the OAE amplitude is tracked across suppressor frequencies. If OAE STCs provide a measure of auditory tuning equivalent to PTCs, then the advantage of this objective and fast procedure would be attractive. Multiple studies indicate that OAE STCs qualitatively resemble behavioral tuning curves in humans for all types of emissions (e.g., Kemp and Chum 1980; Zurek 1981; Zwicker and Wesel 1990; Harris et al. 1992) . However, the commonly studied distortion-product (DP) OAE STCs seem to underestimate frequency selectivity (Koppl and Manley 1993; Taschenberger and Manley 1998; Gorga et al. 2002; Johnson et al. 2007; Liu and Neely 2013) , possibly due to the proposed two-source generation mechanism of DPOAEs (Shera and Guinan 1999; Knight and Kemp 2001) and/or a broad region of generation (Martin et al. 2010) . On the other hand, OAEs that are believed to arise via a single mechanism, i.e., SFOAEs, transient-evoked (TE) OAEs and spontaneous (S) OAEs, appear to be a better alternative for assessing frequency selectivity because they may provide a more localized picture of cochlear processes than DPOAEs (Zweig and Shera 1995; Shera and Guinan 1999; Talmadge et al. 2000) . Although tuning data are sparse for these types of emissions, a few reports indicate a good match between either SOAE, TEOAE or SFOAE STCs and behavioral estimates of frequency selectivity for humans (e.g., Kemp and Chum 1980; Zurek 1981; Schloth and Zwicker 1983; Long 1984; Rabinowitz and Widin 1984; Bargones and Burns 1988; Zizz and Glattke 1988; Zwicker and Wesel 1990; Long et al. 1991; Zettner and Folsom 2003; Keefe et al. 2008) . Further support for use of single-source OAE STCs to estimate tuning comes from animal studies. It has been shown that SFOAE STCs can be as sharply tuned as auditory nerve tuning curves in mice (Cheatham et al. 2011) and SOAE STCs have tuning characteristics similar to auditory-nerve fiber tuning curves in reptiles and birds (Koppl and Manley 1994; Taschenberger and Manley 1997) . However, whether SFOAE STCs may quantitatively predict behavioral tuning in humans remains an open question.
In summary, single-source OAE STCs may provide an accurate measure of behavioral tuning in humans. To test this hypothesis, we measured SFOAE STCs together with PTCs in normal hearing subjects. We decided to focus on SFOAEs because they are evoked by the same stimulus (single tone) as used in the behavioral PTC measurements. The tuning curves were collected at low probe levels (10 dB SL) to ensure that active cochlear processes would contribute fully to sharp tuning. SFOAE STCs were collected with varying suppression criteria as well as for slightly higher probe levels (20 and 30 dB SL) to form a basis to optimize estimates of tuning in a broader population (i.e., hearing-impaired subjects or subjects with inadequate SFOAE levels for low-level stimuli). Before we compared SFOAE STCs to PTCs, we also evaluated the effects and interactions of changing the probe level and suppression criteria on the features of SFOAE STCs to better understand how these curves were shaped by the cochlear processes.
MATERIALS AND METHODS

Subjects
Ten young, normal-hearing subjects (19-24 years old, 7 females) with no history of neural or otologic disorders participated in the study. No subjects reported a history of noise exposure or difficulty with hearing in noise. All subjects had hearing thresholds within 15 dB of mean thresholds for normal hearing young adults at octave frequencies between 250 and 8,000 Hz (Lee et al. 2012) , normal middle ear status (assessed via 226-Hz tympanometry, Interacoustics, AA220; Margolis and Heller 1987) and normal results of otoscopic examination. To be included in the study, a subject had to demonstrate an SFOAE residual level of −6 dB SPL or higher (with SNR96 dB) at least at one frequency near 1,000 Hz and near 4,000 Hz when stimulated at low probe levels (see SFOAE "fine structure" recordings in Procedures). No detectable SOAE could be present within ±350 Hz around the probe frequency.
The study was approved by the Northwestern University Institutional Review Board and subjects were paid an hourly rate for their participation.
Instrumentation
All measurements were carried out in a sound-attenuating booth. The signals were generated and controlled with software (see the "Procedures" section) using a 24-bit audio interface (Echo Audio Gina3G). The sound source transducers were modified MB Quart 13.01 HX coupled to an Etymotic Research ER10-B+ otoacoustic emission probe via flexible 16 ga plastic tubing. The tonal stimuli and the suppressor or masker were presented monaurally through separate sound sources to minimize nonlinear stimulus interactions. The power amplifier used to drive the sound sources was custombuilt, using a Texas Instruments TPA6120A2 headphone driver IC with a dynamic range of 120 dB. Tones were generated digitally by the audio interface with a sample rate of 44.1 kHz (buffer size 8,192 points, frequency resolution of 5.31 Hz) for data collected with Emav software (Neely and Liu 2011) and with a sample rate of 88.2 kHz (4,096 points, frequency resolution of 21.53 Hz) for the custom made software. The microphone transfer function was measured as described by Siegel (2007) and used to compensate the measured stimulus and emission signals. The stimulus level at the subject's eardrum was controlled using the depthcompensated ear simulator method (Lee et al. 2012) . For PTC measurements, the masker level at the eardrum was calculated offline.
The biological origin of OAEs was confirmed by running the test protocols in an ear simulator (IEC 60318-4; Brüel & Kjaer 4157).
Procedures
Data for each subject were usually collected within four 2-h sessions. Two subjects were tested twice to assess the test-retest repeatability of the acquired measures. Typically, an SFOAE STC was collected within 10-15 min, and a PTC within 4 min.
Behavioral Thresholds
Air-conduction hearing thresholds were obtained with a modified Békésy tracking procedure (as described by Lee et al. 2012) . Briefly, stimuli were tones, 500 ms in duration with 25 ms rise/fall times, and interstimulus interval of 200 ms. Subjects were asked to press/release a button when the tone was audible/ inaudible which resulted in decreasing/increasing the tone level in 6 (initial step) or 2 dB steps. Midpoints between reversals were calculated for each ascending run. The tracking procedure was considered to have converged to the subject's threshold if the standard error of the mean was less than 1 dB.
SOAE Recordings
Only ears with no detectable spontaneous activity near the probe frequency were included, reducing the possibility that PTC measurements were compromised by interactions between SOAE and external stimuli (e.g., beats, roughness, see Long 1998). Plausibly, SOAEs could also interact with SFOAE STC recordings, although data addressing that issue have not appeared in the literature.
SOAEs were measured in the absence of external stimulation using spectral averaging for~2 min (sampling rate 32 kHz, buffer size 65,536 points) with Sysres software (Neely and Stevenson 2002) . SOAE with levels at least 3 dB above the adjacent noise floor were identified. The recordings were repeated when obvious artifacts (e.g., due to subject movement) were detected.
SFOAE Recordings
Stimulus delivery and response measurement were controlled by Emav software (Neely and Liu 2011) for SFOAE "fine structure" recordings or by custom-made software for SFOAE input-output (IO) functions and STCs. For all measurements, SFOAE residuals were calculated as the difference between the averaged responses to the probe tone alone and to the probe tone in the presence of a suppressor tone; the resulting waveform was analyzed with a Fast Fourier transform (FFT) to obtain the SFOAE residual (Dreisbach et al. 1998) . The residual measures the amount of SFOAE suppression by another tone. Two repetitions of the probe alone and probe plus suppressor time-domain averages were stored in separate buffers. The noise floor was estimated at the probe frequency from the spectrum of the difference between time-domain responses stored in the two buffers. Trials demonstrating high noise levels were repeated automatically if the noise exceeded a pre-defined criterion described below.
Tuning curves were obtained for each subject at nominal probe frequencies of 1,000 and 4,000 Hz. Because SFOAE amplitudes may vary rapidly with frequency (demonstrating so-called fine structure; Kemp and Chum 1980; Zweig and Shera 1995; Shera and Guinan 1999), actual probe frequencies were selected as those evoking the highest SFOAE levels within ±100 Hz of 1,000 Hz and within ±200 Hz of 4,000 Hz (referred here as f probe ). Although behavioral thresholds may also demonstrate "fine structure" (e.g., Elliot 1958; Long 1984), we chose to optimize the test frequencies only re. SFOAE fine structure to ensure the best available SNR for STCs recordings. SFOAE fine structure was characterized with fine frequency steps from 811.7 to 1184.3 Hz (21.5 Hz steps) and from 3,682.2 to 4,285.1 Hz (43.1 Hz steps), with the probe level fixed at 20 and 30 dB SPL, respectively. The suppressor frequency was fixed at 43.1 Hz below the probe frequency at a level of 60 dB SPL. In such conditions, nearly complete or complete suppression is expected so that the measured SFOAE residual probably accurately represents the total SFOAE (Brass and Kemp 1993; Keefe et al. 2008) . For each f probe , the hearing threshold was measured (Table 1) and an SFOAE IO function was obtained for probe levels from 10 to 50 dB SPL (in 5 dB steps) using the same suppressor conditions as for the finestructure recordings. The noise rejection criterion was typically set to −12 dB SPL.
The SFOAE STCs were measured as iso-residual curves for as many as three suppression (residual) criteria as a function of suppressor frequency for f probe at levels of 10, 20, and 30 dB SL (Table 1) . For each probe level and suppressor frequency, the suppressor level was varied automatically using a tracking procedure until the SFOAE residual was within ±1 dB of the residual criterion. The SFOAE STCs were measured for up to three residual criteria: −6, 0, and 6 dB SPL at each probe level (the available range of criteria was estimated based on the SFOAE IO function). The suppressor frequency (f sup ) was varied from 0.4f probe to 2.1f probe with a resolution of 5 points/octave and with increased resolution to 15 points/octave in the range from 0.9f probe to 1.4f probe . The suppressor was never a harmonic or a subharmonic of the f probe . Data collection was automatically terminated when the suppressor level reached 85 dB SPL, when no response meeting the threshold criterion was found in 15-20 attempts or when the noise level exceeded a predefined noise rejection criterion in 4 consecutive attempts. The noise rejection criterion was set at −12 dB SPL except for a few cases when it was raised to −10 dB SPL (but never for the −6 dB SPL criterion curves).
Psychophysical Tuning Curves
The PTCs were collected with a "fast" method (Sęk et al. 2005; Charaziak et al. 2012) . The gated tonal probe, fixed in frequency, was presented simultaneously with a narrowband masker (200 or 320 Hz wide) for which the level was controlled by the subject via a button, as in Békésy audiometry, while the masker center frequency changed continuously in time from low to high (upward sweep) or from high to low (downward sweep). Subjects were instructed to press a button when the tonal probe was audible and to release the button when the tone became inaudible; the level of the noise was increased/ decreased at fixed rate (4 dB/s) in 0.5 dB steps. The points at which the button was pressed or released were recorded, producing a tracking record of masker levels as they crossed just below/above the masked threshold for the probe as a function of the masker center frequency.
The fast PTC was implemented with custom written software (MATLAB, MathWorks) that generates and controls the signals via the arsc.dll library developed by Dr. Stephen Neely (ARSC API, 2010 see http:// audres.org/). The pulsed probe was presented at fixed level of 10 dB SL at the frequency used for SFOAE STC recordings ( Table 1 ). The probe was 500 ms in duration tone with 25 ms rise/fall times, presented with interstimulus intervals of 200 ms. The masker waveform was synthesized using MATLAB and stored on the hard drive (for details regarding signal synthesis see Sęk et al. 2005; Sęk et al. 2007; Sęk and Moore 2011) . In brief, the 240-s masker waveform was synthesized by overlapping 7,500 short duration (~46 ms) segments of narrowband noise. The noise segments were generated in the frequency domain with a sampling rate of 44.1 kHz for 2,048 points and then transformed to the time domain with an inverse FFT. After gating with a Hanning window, the segments were overlapped in time by 50 % such that each subsequent segment had a higher/lower center frequency than the previous one for upward/downward sweep. As a result, the synthesized masker waveform was a narrowband noise with a center frequency that changed uniformly in time on a log frequency scale over the 0.5f probe -2f probe range. To minimize beat-detection cues, the masker bandwidth was set to 200 Hz for probe frequencies~1,000 Hz and to 320 Hz for probe frequencies~4,000 Hz (Kluk and Moore 2004; Sęk et al. 2005) . The masker level never exceeded 90 dB SPL. To allow the subject to become familiar with the procedures, the starting masker level was always set below the probe level and the masker center frequency was held constant until 4 reversal points were obtained. The probe frequency/noise sweep direction conditions (4 in total) were presented in random order. The subjects were given a 10-15-min training prior to data collection.
Data Analysis
The tuning curves were characterized with several parameters to facilitate comparisons between PTCs and SFOAE STCs and to evaluate the effects of probe level and residual criterion on the features of SFOAE STCs. The tuning curve parameters were: frequency at the tuning curve tip (f tip , tuning curve minimum), masker/suppressor level at the tip (L tip ), width measured 10 dB above the tuning curve tip (BW10), slopes of tuning curve sides (in dB/octave), and tip-totail ratio (in dB). The BW10 was calculated across the widest part of the curve (e.g., ignoring double tips or other irregularities). The tuning curve slopes were calculated for two ranges: low-frequency (LF) side slope (−0.6≤f sup ≤0 octaves re. f tip ) and high-frequency (HF) side slope (f sup ≥0 octaves re. f tip ) for curves having at least 3 data points in these ranges. The tipto-tail ratio was calculated as the difference between L tip and the masker/suppressor level at a frequency 0.6 octaves below f probe . For each suppressor frequency, the phase of the SFOAE residual was recorded at the criterion threshold to gauge the SFOAE generation pattern. The SFOAE phases were unwrapped across f sup to form an iso-response phase curve paired with each SFOAE STC. The PTCs obtained with the fast method are jagged due to tracking above and below the masked threshold ( Fig. 1, thin lines) . Thus, raw PTC must be smoothed/ modeled to extract the masker levels necessary to just mask the probe across the range of masker center frequencies. Charaziak et al. (2012) showed that the LOESS (local polynomial regression fitting) smoothing (Cleveland 1979 (Cleveland , 1994 with the smoothing parameter set at 0.25 allows for good approximation of the PTC without distorting the pattern in the data. Accordingly, all tuning curve parameters were calculated from LOESS-smoothed PTCs separately for an upward and a downward frequency-swept masker (see Fig. 1 , bold lines for examples of smoothed PTCs), and then if not stated otherwise, averaged together for each subject to minimize the effects of masker sweep direction (Kluk and Moore 2006) .
When SFOAE STC contained missing points or outliers, the data points were approximated with linear interpolation or re-measured if time allowed. To calculate average STCs across subjects, f sup was transformed to octaves re. f probe . Due to limited resolution of the SFOAE STC program (see Instrumentation) and differences in f probe frequencies in different subjects, some STCs required resampling to allow averaging. The average suppressor threshold for a given suppressor frequency was calculated only if at least three data points were available. The iso-response phase curves were normalized to the phase value at the f sup just below f probe to minimize the effect of intersubject differences in absolute phase and then averaged with the same procedures as STCs.
Analogous procedures were applied to calculate average PTCs. The upward sweep and downward sweep LOESS-smoothed PTCs were averaged separately, and then normalized to the frequency at the tip to compensate for the horizontal shift resulting from the masker sweep direction ( Fig. 1 ) and finally averaged to obtain a mean curve.
The SFOAE IO functions were used to estimate the "total" SFOAE amplitude at the probe levels used for SFOAE STC recordings based on cubic-spline interpolation of the IO functions (Table 2 ).
All calculations were carried out in MATLAB. Statistical testing was performed with a general linear model adjusted for the correlations between repeated measures within a subject, if not stated otherwise. The model included up to two-way interactions, if available. Post hoc analyses were performed with Bonferroni's method. Statistical testing was conducted in SPSS (SPSS Inc., Chicago).
RESULTS
SFOAE Suppression Tuning Curves
General Observations-Suppression Thresholds. We collected 76 SFOAE STCs for f probe at 1,000 Hz and 66 SFOAE STCs for f probe at 4,000 Hz (excluding retest data). Mean SFOAE STCs are shown in Fig. 2 . Due to the limited suppression range in some subjects, it was not possible to record STCs for all conditions (also see Table 2 ). Overall, STCs near the suppression onset (residual criterion of −6 dB SPL) could be recorded for all but two subjects that had high noise floors for the 30 dB SL probe level. Perplexing physiological "on-band" noise that increases in level with increasing probe level has been reported for SFOAEs (Schairer et al. 2003; Schairer and Keefe 2005) . This noise appears to have been especially high in these subjects. For other subjects and conditions, the average noise floor was −19.7 dB SPL (SD=6.0 dB).
The average SFOAE STCs were usually "V-shaped" as observed for behavioral tuning. However, for the 1,000-Hz STCs, there was a change from an irregularshaped (e.g., "double-tipped") curve with shallow high-frequency slope to a "V-shaped" curve with a steep high-frequency slope when increasing the residual criterion from −6 to 6 dB SPL for a 30-dB SL probe (see the right-hand column in Fig. 2 ) or when decreasing the probe level from 30 dB SL to 10 dB SL for a residual criterion of −6 dB SPL (see the bottom row in Fig. 2 ). On the other hand, the 4,000-Hz, STCs were uniform in shape and less affected by measurement conditions with the exception of STCs at 30 dB SL/6 dB SPL which demonstrated a blunt tip. In most cases, the 4,000-Hz STCs were more narrow (on logarithmic frequency scale) and demonstrated more pronounced transitions between tip and tail on the low-frequency side as compared to the 1,000-Hz STCs. For all conditions, larger intersubject variability in suppression threshold was observed on the high-frequency side of the curve as compared to the low-frequency side (see error bars in Fig. 2 ).
In the individual data, it was common to observe double-tipped STCs or irregular-shaped STCs with multiple inflections, especially for the higher probe levels and/or lower residual criteria for the 1,000-Hz probe ( Fig. 3A-C) . It is noteworthy that despite a clear transition in the mean data toward a uniformly shaped STC with increasing criterion or decreasing probe level (Fig. 2, black) , the effects of recording conditions on STC shapes were not consistent across subjects. For instance, increasing the residual criterion for a fixed probe level could result in either total or partial reduction of the depth of the second tip (Fig. 3C ), but in some cases no appreciable change in STC shape around the tip was observed. In contrast, individual 4,000 Hz STCs were usually uniform in shape across all recording conditions (Fig. 3D-F ) just as observed for the mean data (Fig. 2, gray) .
SFOAE Residual Phase at Suppression Threshold. Mean phases of the SFOAE residual at the criterion threshold are shown in Fig. 4 . The mean phase did not vary by more than ±0.25 cycles with f sup . In general, the phase curves demonstrated more intersubject variation and were more affected by changes in the recording conditions for the 1,000-Hz probe as compared to the 4,000-Hz probe, which agrees with the trend observed for suppression threshold curves (Fig. 2) . For the 1,000-Hz probe, there was increased phase variability with increasing f sup , particularly for the 30 dB SL/−6 dB SPL criterion condition (Fig. 4) . This increased variability could be due to the increased noise level at higher probe levels; yet, the level of the noise floor at the probe frequency was not suppressor-frequency dependent (data not shown), which argues against such an explanation. Although the mean residual phase curves remained relatively independent of f sup across recording conditions, individual data suggest that phase behavior consistently changed within a given subject. The overall pattern of phase shifts differed across subjects and thus it was cancelled out when averaged. For instance, for subject KC15FR at f probe of 947 Hz and 30 dB SL, there was a clear phase shift at f sup 9 f probe that progressively decreased with decreasing probe level (Fig. 5C to A, black lines) and with increasing residual criterion (Fig. 5C , compare the black and light gray lines). To emphasize the high test-retest repeatability of the phase behavior within a given subject, data for the condition most susceptible to noise (30 dB SL/−6 dB SPL) collected during a retest session are shown in Fig. 6A . A similar trend, albeit on a much smaller scale, was observed for the 4,000-Hz phase curves (Fig. 5D-F) ; for this f probe only one example of a doubled-tipped STC, accompanied by relatively large phase shifts, was observed (see Fig. 6B ). The pattern of phase shifts was preserved for STCs measured with f sup chosen with reduced frequency spacing (25 points/octave, Fig. 6 , red lines) indicating that the inconsistency in phase behavior across subjects was not due to errors in phase unwrapping.
We investigated the effects of recording conditions on phase by calculating the standard deviation of the mean unwrapped phase value for a given curve (Fig. 7) . Across subjects there was a common trend of decreasing variability of the residual phase with increasing criterion FIG. 2. Mean SFOAE STC at 1,000 (black) and 4,000 Hz (gray) probe frequencies for 10, 20, and 30 dB SL probe levels (columns) and −6, 0, and 6 dB SPL residual criteria (rows). Error bars denote ±1 standard error (SE). The number (n) of STCs collected for each condition is indicated in each subplot.
(F 2,33.9 =16.2, pG0.001 for 1,000 Hz; F 2,27.8 =24.4, pG0.001 for 4,000 Hz) and decreasing probe level (F 2,26.6 =10.0, pG0.001 for 1,000 Hz; F 2,22.1 =15.3, pG0.001 for 4,000 Hz). For the 1,000-Hz probe, there was a significant interaction between the probe level and the residual criterion (F 4,22 =3.3, p=0.03), indicating that the criterion had its largest effect on the phase variability at higher probe levels. No significant interaction was found for the 4,000-Hz probe. Although the main effects of recording conditions on phase variability were significant for both probe frequencies, it is clear that the magnitude of change was much smaller for 4,000 Hz (note the Y axis scale difference between panels A and B of Fig. 7) .
SFOAE STC Parameters-The Effects of Residual
Criterion and Probe Level. The tip of the STC (f tip ) was shifted above the probe frequency in 97 % of curves. The size of the shift in f tip tended to increase together with increasing the probe level and decreasing the residual criterion (Fig. 8A, B) . The ANOVA analyses showed a significant effect of the probe level on the f tip shift (F 2,29.6 =6.6, p=0.004 and F 2,26 =3.8, p=0.036 for 1,000 and 4,000 Hz, respectively); however, the effects of residual criterion did not reach significance (F 2,32.9 =1.8, p=0.19 and F 2,22.2 =3.3, p=0.06 for 1,000 and 4,000 Hz, respectively), likely due to insufficient power of the sample size. No significant interactions between the criterion and probe level were found. A stronger effect of the probe level was observed for the 1,000-Hz STCs where all pairwise comparisons showed a clear trend for the tip of the curve shifting toward the f probe with decreasing probe level (pG0.05). For the 4,000-Hz STCs, there were no significant differences in f tip between the lowest two probe levels, but they were significant for other level comparisons (pG0.05).
Increasing the residual criterion (i.e., toward full suppression) led to shifting the whole STC upwards (Figs. 2, 3 , and 8C, D). For both probe frequencies, there were significant main effects of the probe level (pG0.02) and residual criterion (pG0.001) on the suppressor level at the tip (in dB SL), with no significant interactions. Post hoc analyses revealed that increasing the residual criterion led to an upward shift in L tip (pG0.001). The effect of increasing the probe level was less pronounced; a significant downward shift in L tip was observed for the 1,000-Hz STCs when the probe level was increased from 20 to 30 dB SL and from 10 to 20 dB SL, pG0.05.
The width of SFOAE STCs (expressed as BW10) did not change significantly with increasing probe level for either probe frequency (F 2,25.9 =2.0, p=0.16 and F 2,28.9 =0.60, p=0.55 for 1,000 and 4,000 Hz, respectively, Fig. 9 ). The ANOVA analyses showed a significant main effect of the residual criterion on the BW10s of the 4,000-Hz STCs (F 2,27.6 =3.4, p=0.048) indicating that increasing the residual criterion led to a sharper estimate of tuning (Fig. 9B ); yet none of the pairwise comparisons were significant (p90.9). There was no main effect of the criterion on width of the 1,000-Hz STCs (F 2,30.3 =0.73, p=0.49), and no significant interactions between the probe level and criterion for either probe frequency (p90.4).
The LF slopes did not change significantly with either the residual criterion or probe level for both probe frequencies, and no interactions were observed (p90.17). Mean LF slopes across all conditions were −41 dB/oct (SD=20 dB/oct) and −60 dB/oct (SD=18 dB/oct) for 1,000 and 4000 Hz, respectively. The high-frequency slopes became steeper with increasing the residual criterion (F 2,37 =3.8, p=0.032 and F 2,23 =5.2, p=0.014 for 1,000 and 4,000 Hz, respectively). Multiple comparisons showed that at 1,000 Hz the HF slopes changed by an average of 27 dB/oct when increasing the residual criterion from −6 to 6 dB SPL (pG0.05). An analogous change was observed at 4,000 Hz (24 dB/oct), but it did not reach significance (p=0.13). There were no main effects of the probe level on the HF slopes and no significant interactions. In general, the mean HF slopes ranged from 41 to 92 dB/oct for 1,000 Hz and from 94 to 137 dB/oct for 4,000 Hz across the conditions. For both probe frequencies, the HF slopes were significantly steeper than the LF slopes (expressed as their absolute values, F 1,9.1 =19.3, p=0.002 and F 1,9.3 =71.2, pG0.001 for 1,000 and 4,000 Hz, respectively), which reflects the asymmetrical tuning curve shape (e.g., see Fig. 2 ).
The tip-to-tail ratio decreased with increasing residual criterion (F 2,23.7 =4.9, p=0.016 and F 2,23.4 =7.2, p= 0.004 for 1,000 and 4,000 Hz, respectively). On average, the tip-to-tail ratio decreased by 5.8 dB (pG0.001) for 1,000 Hz and by 2.9 dB for 4,000 Hz (pG0.05) when increasing the criterion from −6 to 6 dB SPL. No differences were observed between the −6 and 0 dB SPL curves. The effect of the probe level was significant only for the 4,000-Hz probe (F 2,26.0 =5.6, p=0.009; for 1,000 Hz, F 2,21.2 =0.094, p=0.91). Multiple comparisons showed that the tip-to-tail ratio for 10 dB SL curves was larger than either 20 (by 4.1 dB) or 30 dB SL (by 5.6 dB) STCs (pG0.001). No interactions were found for either probe frequency. The mean tip-to-tail ratios varied across the recording conditions from 17.6 to 27.4 dB for the 1,000-Hz STCs and from 25.2 to 32.8 dB for the 4,000-Hz STCs.
Psychophysical Tuning Curves
Masker Sweep Direction. As previously reported (Sęk et al. 2005) , the masker sweep direction had a significant effect on the frequency of the PTC tip (F 1,8 =10.4, p=0.012 and F 1,9 =47.6, pG0.001 for 1,000 and 4,000 Hz, respectively; see Fig. 1 for an example). The f tip was shifted toward higher frequencies (mean shift 0.041 and 0.052 octaves re. f probe for 1,000 and 4,000 Hz, respectively) for upward masker sweeps and toward lower frequencies (mean shift −0.035 and −0.023 octaves re. f probe for 1,000 and 4,000 Hz, respectively) for downward masker sweeps. The L tip s, BW10s, HF and LF slopes, and tip-to-tail ratio were not affected by the direction of the masker sweep for either the 1,000 or 4,000 Hz curves (p90.1). Thus, the masker sweep direction affected only the horizontal position of the curve, but not its other parameters. The PTC parameters were averaged across upward and downward sweep directions (Kluk and Moore 2006) for the subsequent analyses (except for subject KC13FR, for whom only 1,000 Hz upward sweep data were available).
FIG. 6. SFOAE STC residual phase for subjects KC15FR at 947 Hz (A)
and KC18FL at 4,026 Hz (B). The probe level was fixed at 30 dB SL and the residual criterion at −6 dB SPL. The black and gray solid lines correspond to recordings made with resolution of 15 points/octave around the tip and 5 points/octave at the flanks (see the "Materials and Methods" section for details), and the red lines correspond to recordings made with a resolution of 25 points/octave. Data plotted in gray and red were collected during a retest session (5-8 weeks later).
FIG. 7.
Variation in the SFOAE residual phase at criterion threshold expressed as the standard deviation of the mean unwrapped phase across suppressor frequencies for the 1,000 Hz STCs (A) and the 4,000 Hz STCs (B) as a function of the probe level. Mean values and SE are shown. Red dotted line for STCs collected for the −6 dB SPL criterion, blue dashed line for the 0 dB SPL criterion, and purple solid line for the 6 dB SPL criterion. Note the Y axis scale difference for A and B. Note that probe levels in Figs.7-9 have been offset slightly for clarity. PTC Parameters. After accounting for the effect of masker sweep direction, the average f tip s closely coincided with the probe frequency (Fig. 8A, B, black) . The L tip was consistently higher than the probe level (10 dB SL) for both probe frequencies (Fig. 8C, D,  black) . The 4,000-Hz PTCs were wider on a linear frequency scale than the 1,000-Hz curves (Fig. 9A , B, black) as previously reported (e.g., Moore 1978). The mean HF slopes were 89 dB/oct (SD=17 dB/ oct) and 121 dB/oct (SD=25 dB/oct) for the 1,000 and 4,000-Hz PTCs, respectively. Similarly, the mean LF slopes were −62 dB/oct (SD=10 dB/oct) and −71 dB/ oct (SD=8 dB/oct). For both probe frequencies, HF slopes were significantly steeper than LF slopes (F 1,9 =26.8, p=0.001 and F 1,9 =45.7, pG0.001 for 1,000 and 4,000 Hz, respectively). Mean tip-to-tail ratios were 33.8 (SD=5.1 dB) and 40.1 dB (SD=3.4 dB) for the 1,000 and 4,000-Hz PTCs, respectively.
Relation Between Sharpness of Tuning of SFOAE STC and PTC
To evaluate the potential of SFOAE STCs for estimating behavioral tuning, we compared the widths of PTCs and STCs collected in the same group of subjects. We expected SFOAE STCs and PTCs to have similar widths (BW10) when the 10 dB SL probe level was used. Recording SFOAE STCs at higher probe levels has the advantage of stronger emissions (better SNR); however, increasing the probe level may result in SFOAE STCs overestimating the sharpness of behavioral tuning measured with low probe levels, particularly for low SFOAE residual criteria (Kemp and Chum 1980) .
Mean BW10 values were similar for the STCs and PTCs when evaluated at the same probe levels (10 dB SL, Fig. 9 ). At higher probe levels, the 4,000-Hz STCs tended to be broader than PTCs, particularly for the lower residual criteria. This trend was not apparent for the 1,000-Hz STCs. To evaluate how well the widths of SFOAE STCs and PTCs correspond in an individual, we normalized the STC BW10 by the PTC BW10 for a given subject (referred here as the BW10 ratio). Although the mean BW10 ratios were close to 1 for most conditions (data not shown, trends can be inferred from Fig. 9 ), we observed considerable data scatter, with individual ratios ranging from 0.18 to 4.23 for 1,000 Hz and from 0.39 to 2.88 for 4,000 Hz. Examples of fits between individual SFOAE STCs (10 dB SL/−6 dB SPL) and PTCs are shown in Fig. 10 . Even though STCs were recorded for the same conditions in these subjects, we observed a large variability in the degree of agreement between STC and PTC, as demonstrated by BW10 ratios listed 
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above each panel. Thus estimates of tuning measured with PTCs in individual subjects are not predicted reliably from the SFOAE STCs. Individual curves are plotted in Fig. 11 to illustrate the difference in variability of SFOAE STC and PTC shapes. Smoothing SFOAE STCs with the LOESS algorithm, as was done for PTCs, had a negligible effect on the observed irregularities, indicating that differences between the shapes of SFOAE STCs and PTCs were not due to smoothing. It is unlikely that the irregularity of the SFOAE STCs was due to the influence of noise because the test-retest repeatability for both PTCs and SFOAE STCs was very similar (see next section). Thus, the irregular shapes of STCs are most likely related to the SFOAE generation processes (see the "DISCUSSION" section).
When averaged across subjects, the SFOAE STCs and PTCs had similar widths, suggesting that behavioral and SFOAE-based estimates of tuning are related at the group level (Fig. 12) . In general, the BW10 ratios for average curves were close to 1 for most of the residual criteria conditions when the probe level was either 10 or 20 dB SL (Table in Fig. 12 ). For the 20-dB SL probe, the −6-dB SPL criterion curves indicated broader tuning than PTCs, as expected. Surprisingly, increasing the criterion for 10 dB SL STCs resulted in increased BW10 ratios at 1,000 Hz. For 30 dB SL probe levels, all ratios exceeded unity.
Although the BW10 is a standard metric of the width of tuning curves, and therefore, a metric of frequency selectivity, comparing BW10s does not assess the agreement between overall shapes of tuning curves. As a measure of the accuracy with which the mean SFOAE STCs replicated the shape of the mean PTCs, we calculated mean absolute errors (MAE, Table 3 ). The average PTCs were interpolated with data points for which points were available for STCs. Curves were normalized to the tip frequency and the mean absolute difference between suppressor and masker levels at threshold was calculated across suppressor/masker frequencies. When considering only conditions for which SFOAE STCs were recordable for all subjects (n=10), the smallest MAEs were obtained for both probe frequencies for probe levels of 10 dB SL and a residual criterion of −6 dB SPL. Increasing the probe level to 20 dB SL was associated with an increase of MAEs, but the agreement was still reasonably good.
Test-Retest Repeatability
Two subjects (KC18FL and KC15FL) were retested after 5-8 weeks (in total, 8 PTCs and 29 SFOAE STCs were collected during retest sessions). To measure the test-retest repeatability, we used the MAE calculated as the absolute difference of the first tuning curve relative to the second (a retest) for a given recording condition averaged over all f sup common to both STCs. The MAE ranged from 0.79 to 15.6 dB for suppressor levels at the criterion threshold (grand average, 3.6 dB; SD, 2.8 dB; note: with the exception of one pair of STCs the MAE values did not exceeded 8 dB) and from 0.011 cycles to 0.1 cycles for the residual phases (grand average, 0.047 cycles; SD, 0.026). The 4,000-Hz STCs tended to have smaller MAEs (grand average, 2.2 dB; SD, 1.1 dB) than for the 1,000-Hz STCs (5.0 dB; 3.3 dB). MAEs for SFOAE residual phases were similar for the 1,000-STCs and the 4,000-Hz STCs (compare 0.041 cycles, SD 0.022 for 4,000 Hz and 0.052 cycles, SD 0.029 for 1,000 Hz).
Analogous calculations were performed for PTCs. The MAE varied from 1.9 to 3.3 dB with a grand average of 2.7 dB (SD 2.2 dB) with no indication of better testretest repeatability for either probe frequency. Thus, PTCs and SFOAE STCs were similarly repeatable.
For comparison to the SFOAE STC test-rest data of Keefe et al. (2008) , the mean of the difference of the first STC relative to the second STC was calculated for each recording condition and each subject, averaging over all f sup in common for both STCs. The mean difference in suppression thresholds varied from −15.6 to 6.5 dB across the conditions, with a grand average FIG. 12 . Average SFOAE STCs (replotted from Fig. 2 ) and average PTCs for n=10 (red) for 1,000 (A and B) and 4,000 Hz (B and C) probe tones.
In panels A and C, average STCs (in blue) for a fixed residual criterion (−6 dB SPL) and increasing probe level (10 dB SL-dotted lines, 20 dB SL-dashed lines, 30 dB SL-solid lines) are shown. In panels B and D, average STCs for a fixed probe level (30 dB SL) and changing criteria (−6 dB SPL-blue, 0 dB SPL-green, 6 dB SPL-purple) are shown. The tuning curves were normalized to their tip. The table on the left shows ratios of average STC BW10 to corresponding average PTC BW10 across STCs probe levels (columns) and criteria (rows). Note: BW10 ratios were calculated for average curves built for subjects that completed both conditions (for simplicity, average PTC for n=10 is only shown). The grayed BW10 ratios are for the curves plotted in panels A-D.
of −0.8 dB, which compares well with the 0.6 dB value reported by Keefe et al. (2008) .
DISCUSSION
Stimulus-frequency otoacoustic emission suppression patterns have potential for estimating frequency selectivity of the auditory system (Kemp and Chum 1980; Keefe et al. 2008) . So far, SFOAEs have gained little attention in the literature compared to other types of otoacoustic emissions, mostly due to technical difficulties with separating the response from the stimulus, which occur at the same frequency. Here, we follow-up on Kemp and Chum's (1980) observation made for one subject that SFOAE STCs can be as sharply tuned as behavioral tuning curves. We report SFOAE STCs and PTCs measured in 10 normally hearing ears, and we evaluate the effects of recording conditions (residual criterion and probe level) on SFOAE STC features.
Tuning Curve Parameters-Level and Frequency at the Tip
The mean masker level at the tip of the PTCs was similar to the mean suppressor level at the tip of the SFOAE STCs for smaller residual criteria and lower probe levels (Fig. 8C, D) . For these conditions, comparisons of tuning derived from STCs and PTCs were probably not affected by differences in probe level (Eustaquio-Martin and Lopez-Poveda 2011). As observed by others, increasing the criterion toward full-suppression led to shifting the STC to higher levels (Figs. 2, 3 , and 8C, D; see also Kemp and Chum 1980; Kemp et al. 1990; Brass and Kemp 1993; Kummer et al. 1995; Keefe et al. 2008) . Increasing the probe level usually caused the curve to shift downward in level as also observed for compound action potential tuning curves constructed for a fixed residual criterion (Salt and Garcia 1990; Al'tman and Nikitin 2000) .
The upward shift of the flanks of SFOAE STCs with increasing residual criterion at a fixed probe SL depended on the suppressor frequency, with smaller shifts observed for f sup Gf probe and larger shifts for f sup 9f probe (Fig. 3) . This is consistent with reported shallower slopes of SFOAE suppression input-output functions obtained for f sup 9f probe than for f sup Gf probe (Brass and Kemp 1993; Keefe et al. 2008) as also observed for other types of OAEs (e.g., Zwicker and Wesel 1990; Long et al. 1991; Gorga et al. 2002) . Likewise, a similar trend has been demonstrated in measures of two-tone suppression at the level of the basilar membrane (e.g., Ruggero et al. 1992; Cooper 1996) or single auditory nerve fibers (Delgutte 1990a). However, caution is needed to interpret such comparisons because these measures represent the response from a single localized region of the cochlea which is not likely to be true for OAEs (Guinan 1990; Brass and Kemp 1993; Siegel et al. 2005; Choi et al. 2008; Martin et al. 2010) . SFOAE STCs were consistently tuned to a frequency higher than the probe frequency in agreement with previous observations (e.g., Wilson 1980; Zurek 1981; Schloth and Zwicker 1983; Bargones and Burns 1988; Brass and Kemp 1993; Kummer et al. 1995; Zettner and Folsom 2003; Keefe et al. 2008) . At the lowest probe levels, the tip of the SFOAE STCs was usually shifted above the probe frequency by an average of 0.09-0.12 octaves re f probe (Fig. 8A, B ). This agrees with the characteristics of two-tone suppression observed in auditory nerve fibers (Sachs and Kiang 1968), basilar membrane (Cooper 1996; Rhode 2007) , and hair cells (Sellick and Russell 1979) , indicating that the main site of two-tone suppression is located basal to the probe frequency's characteristic place. Increasing the probe level and decreasing the criterion resulted in shifting the SFOAE STC tip further away from the probe frequency toward higher frequencies, again reflecting the frequency and level dependence of SFOAE suppression functions (Brass and Kemp 1993; Keefe et al. 2008) . In contrast, the frequency at the tip of PTC almost always coincided 1,000 −6 3.7 (10) 5.2 (10) 7.8 (9) 0 8.8 (7) 4.8 (10) 6.6 (10) 6 n.a. 9.9 (9) 8.1 (10) 4,000 −6 3.3 (10) 5.6 (10) 7.6 (9) 0 2.5 (3) 4.6 (10) 8.9 (10) 6 n.a. 4.9 (6) 11.3 (8)
Columns show data for STCs recorded at probe levels ranging from 10 to 30 dB SL; rows show data for STCs recorded for criteria ranging from −6 to 6 dB SPL. In parentheses, the number of subjects contributing to the average curve is shown with the probe frequency after taking into consideration the effects of masker sweep direction (Sęk et al. 2005; Sęk et al. 2007; Malicka et al. 2009 ). The discrepancy between f tip s of PTCs and SFOAE STCs may reflect Delgutte's (1990b) observations that both suppression and spread of excitation play a role in simultaneous masking. Alternatively, the shift of f tip of an SFOAE STC may not result purely from two-tone suppression characteristics, but may indicate that SFOAEs are generated in a region extending basally from the characteristic place of the probe frequency (Guinan 1990; Siegel et al. 2005; Choi et al. 2008 ).
Tuning Curve Parameters-Tip-to-Tail Ratio OAE STCs have been used previously to estimate cochlear gain by calculating the tip-to-tail ratio (e.g., Mills 1998; Pienkowski and Kunov 2001; Gorga et al. 2003; Gorga et al. 2008; Gorga et al. 2011) . In this study, tip-to-tail ratio was calculated from suppression thresholds near the f probe and 0.6 octaves below f probe . This likely underestimated the cochlear gain as tip-totail ratios reported here are 10-15 dB smaller than those observed for DPOAE STCs or SFOAE STCs calculated using thresholds~1 octave below the probe frequency (Pienkowski and Kunov 2001; Gorga et al. 2008; Keefe et al. 2008; Gorga et al. 2011) . Despite this difference we observed some expected patterns, i.e., a decrease in tip-to-tail ratio with increasing criterion, increasing probe level (at least for the 4000 SFOAE STCs) and decreasing probe frequency (Gorga et al. 2002; Gorga et al. 2003; Johnson et al. 2004; Keefe et al. 2008; Gorga et al. 2011) . The tipto-tail ratios of PTCs were~5-10 dB larger than those of SFOAE STCs, when compared at equivalent probe SL. This may indicate that PTCs are shaped in part by processes not reflected in OAEs, e.g., off-frequency listening (Johnson-Davies and Patterson 1979; Moore et al. 1984) . As much as off-frequency listening could have contributed to the differences in tip-to-tail ratios between PTCs and STCs, it seems that it had only a minor influence on the shapes of PTCs around their tips as indicated by the good agreement between Q 10 s obtained with the fast-PTC paradigm and a notchednoise paradigm in Fig. 13 (red and blue dashed lines) .
The Shape of SFOAE STCs and Phase Effects-Implications for SFOAE Generation
Average SFOAE STCs transitioned from "V"-shaped curves to double-tipped curves with shallow high frequency slopes when decreasing the residual criterion and increasing the probe level for the 1,000-Hz probe but not for the 4,000-Hz probe (Fig. 2) . Even more complex shapes were observed in individual data (Fig. 3) . SFOAE STCs with shallow high frequency side slopes showing multiple inflections may be the result of contributions from generators located basal to the place of the probe frequency (Kemp and Chum 1980; Guinan 1990; Brass and Kemp 1993; Siegel et al. 2005; Choi et al. 2008) or contributions from a nonlinear distortion mechanism acting near the place of the suppressor frequency (Talmadge et al. 2000) . The multiple inflections in STCs could also be related to subject-specific SFOAE generation characteristics contributing to SFOAE fine structure such as changes in cochlear reflectance along the basilar membrane (Zweig and Shera 1995) . Keefe et al. (2008) reported a similar phenomenon for SFOAE suppression sensitivity curves where a secondary peak of sensitivity emerged for higher probe levels, which they interpreted as indicating a qualitative change in cochlear nonlinearity rather than increased contribution from spatially distributed SFOAE sources or nonlinear distortion sources. Keefe et al. (2008) curves, which supported the view that SFOAE are generated near the characteristic place of the probe. We also found that, on average, the residual phase did not vary substantially with suppressor frequency (Fig. 4) . However, the individual phase curves demonstrated robust and repeatable phase shifts (Fig. 5  and 6 ) that changed consistently with measurement conditions (Fig. 7) . The discrepancy between our observations and those of Keefe et al. may be due to the fact that we constructed tuning curves using a criterion of a fixed SFOAE residual instead of a fixed decrement in SFOAE amplitude. Comparisons of compound neural tuning curves built for either a fixed decrement criterion or a fixed residual criterion indicate that the latter approach results in better spatial representation of cochlear activity resulting from the stimulation by the probe, so that small contributions from restricted regions of the cochlea can be detected (Salt and Garcia 1990; Al'tman and Nikitin 2000) . Thus, the fixed residual STC approach may be more sensitive for detecting contributions from spatially-distributed SFOAE sources (i.e., extending basal to probe characteristic place on the basilar membrane) which may explain the large fluctuations in phase for low residual criteria observed in this study. Suppressing a local sub-population of OAE generators may reveal a residual that meets a low criterion (i.e., the criterion can be met at relatively low suppressor levels). However, to meet a high residual criterion it would be necessary to sufficiently suppress a larger population of OAE generators, which would require increasing the suppressor levels, particularly for suppressor frequencies above the probe frequency (if the relative contribution of OAE generators decrease progressively from the probe characteristic place toward more basal locations). Thus, to satisfy the high criterion suppressors of different frequencies must suppress a similar population of OAE generators and the SFOAE residual phase curve should flatten. This view is also supported in our data by a significant increase in high-frequency slopes of STCs with increasing residual criterion. Large individual variability would be expected if the SFOAE results from interference between emission generators near the peak (where the phase of the probe excitation pattern varies steeply with distance) coupled with individual variation in the strength of the generators. However, our data do not allow us to distinguish whether the observed variations in SFOAE residual phase or STC shapes are due to the presence of spatially distributed generators or due to hypothesized distortion emissions evoked by the suppressor .
It is unlikely that the irregularity of SFOAE STC shapes was caused by random factors (i.e., noise, subject movements, SFOAE fluctuations) because we report good test-retest repeatability for both SFOAE STCs and PTCs. Thus, the irregularities in SFOAE STCs most likely reflect individual differences in SFOAE generation patterns, e.g., distribution of SFOAE sources along basilar membrane. In some cases, inflections may result from interactions with SOAEs (Fig. 3 , see the triangles indicating the SOAE frequency aligning with a small inflection in STCs; also see Martin et al. 1988; Kummer et al. 1995) . Although we tried to minimize the influence of such interactions by excluding subjects who had detectable SOAEs within ±350 Hz of f probe , it is still possible that some SOAEs were present below our system noise floor or that SOAEs emerged due to acoustic stimulation (Burns et al. 1984 The average SFOAE STCs generally resembled the average PTCs, particularly for the lower probe levels and smaller residual criteria (Fig. 12, Table 3 ). This finding is consistent with other evidence that suppression plays an important role in simultaneous masking (Pickles 1984; Delgutte 1990b; Gifford and Bacon 2000; Rodriguez et al. 2010) . Good agreement was found between PTCs (10 dB SL) and SFOAE STCs recorded at 20 dB SL for both probe frequencies, but at 30 dB SL there was a tendency for slightly larger error values (Table 3) . Whether we would obtain better agreement between 20/30 dB SL SFOAE STCs and PTCs obtained at equivalent probe levels is hard to predict due to inconsistencies in the literature regarding the effects of probe level on sharpness of tuning of simultaneous-masking PTCs. For instance, Florentine et al. (1980) showed no consistent change in the sharpness of the PTC across a wide range of probe levels while Stelmachowicz and Jestead (1984) reported an increase in Q factor with increasing probe levels over a limited range of levels. Methodological differences between these studies (e.g., type of masker) might have caused the discrepancies. Nevertheless, 10 dB SL PTCs have been used consistently as a standard measure of behavioral tuning, justifying our methods.
The SFOAE STCs of Keefe et al. (2008) for 40 dB SPL probes (the lowest probe level for which data are available for both frequencies of interest) are in good agreement with our STCs at 4,000 Hz; but at 1,000 Hz, their STCs appeared to be sharper (Fig. 13 , compare red circles with gray inverted triangles). It is likely that discrepancies result from different approaches for building tuning curves, differences in probe levels, as well as individual differences in sharpness of tuning. The Qs derived from SFOAE iso-input curves (a fixedlevel suppressor is swept in frequency around the probe) are smaller by roughly a factor of 0.6-0.7 as compared to data presented here (Bentsen et al. 2011 ) and this discrepancy is likely driven by differences in paradigms (Eustaquio-Martin and LopezPoveda 2011).
In humans, STCs have been measured much more commonly for DPOAEs (for review see Johnson et al. 2007 ). Although DPOAE STCs at 4,000 Hz reported previously (Gorga et al. 2011) appear to have tuning similar to the SFOAE STCs reported here, at 1,000 Hz the DPOAE STCs are almost twice as broad as the SFOAE curves we have measured (Fig. 13 ). This may be because DPOAEs are generated in multiple cochlear locations or in a broader generation region than SFOAEs (Shera and Guinan 1999; Knight and Kemp 2001; Martin et al. 2010 ). On the other hand, there appears to be agreement between the sharpness of tuning derived from SFOAE STCs and either SOAE STCs or TEOAEs in adults (Bargones and Burns 1988; Zizz and Glattke 1988; Zettner and Folsom 2003) . This supports the view that SFOAEs are more closely related to either TEOAEs or SOAEs than to DPOAEs.
Another approach to derive cochlear tuning is based on SFOAE delays (Shera et al. 2002; Schairer et al. 2006; Lineton and Wildgoose 2009; Bentsen et al. 2011; Joris et al. 2011) . Estimates of cochlear tuning by Shera et al. (2002) are much larger than our estimates derived from SFOAE STCs (Fig. 13) , but Schairer et al. (2006) reported values that are closer to our estimates of tuning (at least at 4,000 Hz). The discrepancy between Qs derived from SFOAE latency by Shera et al. (2002) and Schairer et al. (2006) seems to originate in different approaches to data analysis (Bentsen et al. 2011; Shera and Bergevin 2012) . Nevertheless, SFOAE STCs may indicate broader tuning than estimates derived from SFOAE delays due to the contribution of suppression to the STCs (Lineton and Wildgoose 2009; Bentsen et al. 2011) .
Suppression tuning curves usually produce broader tuning than single-tone excitatory tuning curves for measurements of either basilar membrane, auditory nerve, or cochlear hair cells (Sachs and Kiang 1968; Sellick and Russell 1979; Rhode 2007) ; however, a contradictory result has been also reported (Cooper 1996) . Thus, it is likely that SFOAE STCs underestimate human cochlear tuning. Similar issues with estimating frequency selectivity are applicable to behavioral measures of tuning, where the forward-masking paradigm is favored by some investigators over the simultaneous-masking paradigm (e.g., Oxenham and Shera 2003) . Forwardmasking experiments have been used to investigate cochlear function in humans (e.g., Rutten and Kuper 1982; Mason and Narula 1990; Oxenham and Plack 1997) , even though its mechanisms are still not fully understood (e.g., Duifhuis 1973; Oxenham 2001) and it has been suggested that forward-masking occurs central to the cochlea (Relkin and Turner 1988; Nelson et al. 2009 ). Thus, both methods-simultaneous and non-simultaneous masking-have limitations in their applicability for investigating cochlear frequency selectivity. The fact that we found a close relationship between mean PTCs and mean SFOAE STCs suggest that the former are to a large extent shaped by cochlear mechanics (e.g., Pickles 1979; Evans 2001 ). This view is also supported by a good agreement between our estimates of sharpness of tuning and those obtained with evoked potential tuning curves (Eggermont 1977; Harrison et al. 1981; Harrison 1984; Markessis et al. 2009 ).
Limitations
The large variability in individual SFOAE STCs constitutes a major limitation for clinical application of this method to characterize an individual's frequency selectivity. It is also not clear how well SFOAE STCs would reflect changes in frequency selectivity due to hearing loss. Effects of cochlear insults on OAE suppression have been studied using DPOAEs and SOAEs but results have been inconclusive (Ruggero et al. 1983; Clark et al. 1984; Ruggero et al. 1984; Powers et al. 1995; Martin et al. 1998; Sun et al. 2000; Howard et al. 2002; Abdala and Fitzgerald 2003; Gorga et al. 2003; Howard et al. 2003; Gruhlke et al. 2012) . Although SFOAE can be measured in hearing-impaired subjects (Ellison and Keefe 2005) , it is not clear whether SFOAE STCs may provide a better measure of frequency selectivity in cases of cochlear insults.
The results from this study cannot be generalized to all normal hearing individuals because we included only participants who had recordable SFOAE responses to low level probe tones at both probe frequencies, and did not show SOAEs in the vicinity of either probe frequency. Indeed, our mean "total" SFOAE levels (Table 2 ) seemed to be slightly higher than previously reported median SFOAE levels obtained in normally hearing young adults at similar probe levels (Schairer et al. 2003; Schairer and Keefe 2005) . The rationale behind such strict inclusion criteria was to (a) minimize possible interactions with SOAEs, (b) simplify statistical analyses, and (c) assess the effects of the probe level, specifically whether increasing the probe level, as would be necessary to record robust SFOAEs in both some normal-as well as in hearing-impaired subjects, would compromise the estimation of frequency selectivity.
CONCLUSIONS
We conclude that SFOAE STCs are useful for estimating behavioral tuning noninvasively at the group level (e.g., Fig. 12 ), but not at the level of individual ears (e.g., Fig. 11) . Gorga et al. (2011) reached a similar conclusion for estimating tuning with DPOAE STCs. The variability in SFOAE STCs recorded in our preselected subjects suggests that this procedure may not be useful in estimating frequency selectivity in a clinical setting.
